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One characteristic of vegetation in mediterranean-type climates is an

abundance of deep-rooted shrubs (Hellmers et al., 1955; Sacchori et al.,

1967). The deep rooting patterns correspond with the cool, wet winter

and hot, dry summer climatic pattern in which water is available deep in

the soil when surface layers are dry and temperatures are favorable for

photosynthesis and growth (Miller and Mooney, 1974). Where ever-

green, sclerophyllous shrubs predominate, annual precipitation is about

400-650 mm(Aschmann, 1973; Miller et al., 1977). Deep rooting pat-

terns imply an investment of carbon resources by the plants in the root

system, but there are few data on the root: shoot biomass ratios for

shrubs in mediterranean regions, probably because of the difficulty in

obtaining these figures (Kummerow et al., pers. comm.). At the begin-

ning of this study we expected to find that root-shoot biomass ratios of

shrubs in the mediterranean climatic regions of southern California and

central Chile would be greater than one and that the biomass of absorb-

ing roots, identified by small root size, would be correlated with the

transpiring leaf area of the shrub. Our field study tested these hypotheses

on selected shrubs in the 2 regions. Weexcavated 14 individual shrubs of

6 species: 8 in southern California and 6 in Chile. The main comparison

involved 2 Californian species: Adenostoma jasciculatum (4 shrubs exca-

vated) and Ccanothus greggii (2 shrubs excavated); and 2 species of

similar areal stature in Chile, Satureja gillie sit (4 shrubs) and Colliguaya

odorifera (2 shrubs). In addition, one plant of Heteromeles arbutijolia

and one of Arctostaphylos glauca were excavated in California.

Description of Study Sites

In California roots of all plants except the Heteromeles and one Ade-

nostoma (Adenostoma 4) were excavated at Echo Valley in San Diego

County (32°54"N, 116°39 ,, W). These 2 plants were excavated near the

Viejas Road, 15 km southwest of the Echo Valley site. In Chile all the

plants were obtained by excavating back from a road cut at the Fundo
Santa Laura s'.te (33 °04"S, 71°00"W). We used hydraulic excavation

to remove roots from the soil. This requires large volumes of water, a

high pressure pump, and suitable drainage away from the root washing
site. Rapid drainage of water and soil was necessary during excavation
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to keep the root system exposed and allow its extraction. Therefore,

plants near road cuts or on steep banks were chosen. However, the center

of the excavated plant was always more than 1 m from the road cut.

Roots were excavated at comparable sites in California and Chile: ap-

proximately 55 km from the coast at about 1,000 m. Annual precipita-

tion in both regions is about 550 mm, with about 60% during the winter

6 months in California and 83% in the analogous months in Chile (Mil-

ler et al., 1976). The annual mean temperatures at the research sites are

about 17C in California and 15C in Chile. The Californian site burned

in 1950. The Chilean site was subjected to wood cutting prior to 1959,

although the species measured are not used for firewood (Aschmann and

Bahre, 1977). Root excavations in both countries were made during the

respective summer when surface layers of soil were dry but subsurface

layers were still moist. Roots were excavated in June, July, and August,

1971 in California and in February, 1972 in Chile. Precipitation through

the winter preceding the excavations was about 250 mmat the site in

California. A complete precipitation record prior to excavations is not

available in Chile; however, in California there was no precipitation

during the 2 months preceding excavations, and in Chile none during the

4 months preceding excavations. Average soil moisture at 0.3-1.2 m
depth decreased from 0.25 to 0.09 cm3 water per cm3

soil during the ex-

cavations in California; thus, the soil was presumed to be dry at excava-

tion in both countries.

Shrubs excavated from the Echo Valley site were growing near recent

road cuts; those from the Viejas site were adjacent to recent excavations

for land fill. Slope inclinations were 10°-15° for each site. Slope exposure

of the plants at Echo Valley was north; Adenostoma 4 was on a south-

facing, and Heteromeles on an east-facing exposure. The soils at both

excavation sites are sandy loams, underlain by decomposed granite from

weathered Bonsall Tonalite, without much vertical stratification and,

although of variable depth, more than 0.5 mdeep. The soils at the Viejas

site were much rockier than those at Echo Valley. Ceanothus and Ade-

nostoma were excavated in a mixed stand of these species. Adenostoma

4 was in a pure Adenostoma stand. Arctostaphylos was associated with

Quercus agrifolia and Quercus englemanii, and Heteromeles was associ-

ated with Q. agrifolia and Salvia apiana. No herbaceous cover occurred

on the plots excavated.

The excavation site in Chile was predominantly northwest facing. The

slope inclination was highly variable but was 10°-25° where excavations

were made. The surrounding vegetation was dominated by Satureja

gilliesii and Colliguaya odorijera, with occasional Lithraea caustica,

Trevoa trinervis and Cryptocarya alba. The site had a definite herbace-

ous layer. Soils were generally coarse textured but not underlain by

decomposed granite. The absence of decomposed granite facilitated the

excavation.
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Methods
For hydraulic excavations in California a 400-gal tank truck and a

Barnes impeller type pump were used. The pump was capable of putting

out 15 gal min -1
at 100 lbs in

-2
pressure. A similar pump configuration

was assembled in Chile where two 50-gal drums provided water storage.

The relatively low outflow rate was important because the water supply

was limited and sites were remote from the source. A variable nozzle reg-

ulated the pressure of water from a narrow, high pressure stream to a fine

spray. The fine spray minimized loss of root material during excavation,

but the narrow high pressure stream was necessary to remove the soil.

For selected plants, maximum height and radial extent of the crown

were measured, and the foliage was tied. Three metal reference stakes

were placed in the ground, two in the upper and lower edges of the plot

0.5-1.0 m from the plant, and the third as close as possible to the plant,

without piercing its burl (lignotuber) . The stakes served as depth gauges

while washing the soil and to support the plant as it was undercut. As

soil was washed away, exposed roots were marked according to depth.

Depth was recorded every 0.2 m in California and every 0.1 m in Chile.

Excavation stopped when a impenetrable layer of soil or rocks was

reached, when the drainage became insufficient because the level of the

road was reached, or when the root system was exposed as completely

as possible. Maximum radial extent of the root system was measured. The
entire plant was then brought into the laboratory and separated by level

for oven drying for 24 hr at 85C.

In California, unbiased estimates of the biomasses of different sized

roots, total root length, and root area could not be made because of the

nature of the excavation. The decomposed granite washed away in 0.5-

1.0 cm3 chucks, which probably contained most of the fine roots. There-

fore, only dry weights of all roots in each stratum were measured. In

Chile the soil particles disintegrated more readily with the application of

water and fewer fine roots were lost. The retention of small roots allowed

those of each plant to be divided into size classes of different diameters

within different soil depths. The dry weights of roots in each class were

measured. Roots were randomly subsampled from similar size classes and

their total length and weight were measured to obtain a length: weight

ratio for each size class. The length: weight ratio times the weight and

diameter were used to estimate the area of each size class of roots.

Results and Discussion

Even with the variable size of shrubs of the same species, the measured

root: shoot biomass ratios were less than one for all individuals (Table 1).

The largest root: shoot ratio of an individual was 0.93 and the smallest,

0.25. Ceanothus greggii, a shallow-rooted species, had the smallest root:

shoot ratios (0.25 and 0.39), while Adenostoma jasciculatum, a deep-
rooted species, had root: shoot ratios of 0.49-0.69. Heteromeles, which is
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considered deep-rooted, and Arctostaphylos glauca, Satureja, and Colli-

guaya, which are all considered shallow-rooted, had similar root: shoot

ratios, usually 0.60 to 0.93.

Except for Heteromeles, the ground surface area underlain by the

roots of an individual was larger than the vertical projection of the

crown (Table 1) (Hellmers et al., 1955). The ratios of the ground sur-

face underlain by roots to the vertical projection of the crown were:

Ceanothus, 1.9-2.0; Adenostoma, 6.7-7.2 in two deeper-rooted plants

and 1.4 in the shallow-rooted plant; Arctostaphylos, 2.1; and Satureja,

2.6-4.4.

Roots were concentrated in the upper 0.3 mof soil (Table 2). In Cea-

nothus, Heteromeles, Arctostaphylos, and one Adenostoma all of the root

biomass was in the upper 0.3 m. In the other Adenostoma, 50-55% of

the biomass was in the upper 0.3 m and over 94% in the upper 0.8 m.

Roots of Adenostoma extended to at least 1 mon large plants. In Sature-

ja 83-100% of the root biomass was in the upper 0.3 m, with maximum
root depths between 0.4 and 0.84 m. In Colliguaya over 84% of the root

biomass was in the upper 0.3 m, with roots of one individual extending to

0.6 m. Rooting depth appeared independent of root weight both within a

species and with all species combined, but was directly related to shoot

height in Satureja and Colliguaya. Root biomass densities of 100-1400 g

dry weight nr 3 in the 0-0.3 mdepth (Table 3) compare with values for

crop plants of 300 g nr 3 (Penning de Vries, pers. comm.), and tundra

plants of 1,000 g nr 3 (Dennis and Tieszen, 1972). Root biomass densi-

ties at the surface were less with deeper-rooted individuals, indicating a

trade-off between high exploitation of the surface and exploitation of

the deeper soil.

Mean root diameters decreased with depth in Satureja and Colliguaya,

the only species for which root weights could be measured by diameter

class (Table 4). At each depth the length of the roots in the smallest

diameter class was larger than that for the other diameter classes. Roots

smaller than 0.5 mmdiameter comprised 10-25%. of the total root bio-

mass and 40-50%, of the total root length. The weight of the small roots

decreased with both shoot and root biomass. Percentage of the total

root biomass which was small roots decreased with increasing root bio-

mass because of the increasing diameter of roots with age and did not

correlate with the shoot biomass in the measurements.

Our excavation underestimated the root biomass because of the loss of

fine roots in excavation (Caldwell and Fernandez, 1975) and because of

the death and sloughing of fine roots as the soil dried in early summer,
but a correction for this loss does not increase root: shoot ratios greatly.

The correction is based on concepts of absorbing root densities required

for the absorption of phosphorus, nitrogen, and water. Chaparral soils

are generally considered to be nitrogen and phosphorus deficient (Hell-

mers et al., 1955; Christensen and Muller, 1975) and are dry during the
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Table 4. Fraction of the total root length in different soil depths and
size classes. The mean total root length for four Satureja plants 49.2 m and for two
Colliguaya plants 8.3 m.

Root diameter class (mm)

(m) 0-0.5 0.5-1.0 1-2 2-4 4-6 6-8 8-10 > 10

Satureja

0-0.1 0.265 0.064 0.031 0.029 0.017 0.011 0.008 0.005

0.1-0.2 0.105 0.048 0.050 0.021 0.010 0.003 0 0

0.2-0.3 0.093 0.050 0.052 0.019 0.006 0 0 0

0.3-0.4 0.025 0.023 0.016 0.006 0.001 0 0 0

0.4-0.5 0.009 0.007 0.007 0.001 0 0 0 0

0.5-0.6 0.007 0.005 0.001 0 0 0 0 0

0.6-0.7 0.002 0.002 0.002 0 0 0 0 0

Total 0.506 0.199 0.159 0.076 0.034 0.014 0.008 0.005

Colliguaya

0-0.1 0.203 0.122 0.087 0.052 0.023 0.006 0 0

0.1-0.2 0.151 0.110 0.070 0.046 0 0 0 0

0.2-0.3 0.035 0.041 0.036 0 0 0 0 0

0.3-0.4 0.006 0.006 0.006 0 0 0 0 0

Total 0.395 0.279 0.199 0.098 0.023 0.006

summer, so soil systems can be expected to be organized for the efficient

uptake of these minerals. To absorb phosphorus efficiently a root system

should have roots or mycorrhizae about 0.5 cm apart because of low

mobility of phosphorus in the soil (Bieleski, 1973). For efficient absorb-

tion of nitrate, roots should be about 4 cm apart (Van Keulen et al.,

1975) and for water, about 8 cm apart (Lambert and Penning de Vries,

1975). If a biomass of fine roots adequate to exploit the soil nitrate is

added to our measured values, root: shoot ratios from 0.26 to 0.93 are

calculated; to exploit the soil phosphate, root: shoot ratios from 0.34 to

3.35 are obtained. Ratios above 1.0 are always associated with rooting

systems deeper than 0.5 m and small calculated root biomass densities.

It is unrealistic to add the full biomass density to these sparse root sys-

tems, because the larger roots are not present to support the development

of the fine roots. Thus, we conclude that the root-shoot ratios of chap-

arral shrubs, even though some are considered deep-rooted, have root:

shoot ratios between 0.3 and 1.0 and have root biomasses concentrated

near the soil surface.
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